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There are three primary goals for the Neutron Activation system for ITER: to maintain a robust
relative measure of fusion power with stability and wide dynamic range~seven orders of
magnitude!, allow an absolute calibration of fusion power production, and provide a flexible and
reliable system for materials testing. The nature of the activation technique is such that stability and
wide dynamic range can be intrinsic properties of the system. It has also been the technique that
demonstrated~on JET and TFTR! the most accurate neutron measurements in DT operation. Since
the detectors for assaying the radioactivity are not located on the tokamak and are therefore
amenable to accurate characterization, and if the activation samples are placed very close to the
ITER plasma with minimal scattering or attenuation, high overall accuracy in the fusion energy
production~7%–10%! should be achievable on ITER. In the paper, a conceptual design is presented.
A system is shown to be capable of meeting these three goals, and unresolved design issues are
identified. © 1997 American Institute of Physics.@S0034-6748~97!57001-8#
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I. INTRODUCTION

The International Thermonuclear Experimental Reac
~ITER! is intended to be a long-pulse burning plasma exp
ment capable of providing the physics and technology d
base necessary to implement a demonstration fusion rea
The 1.5-GW fusion power device will place extreme requi
ments on its plasma diagnostic systems. Central to the
sion of the machine is the ability to accurately and precis
monitor the fusion power. This can be achieved by using
neutron activation technique whereby a sample of materia
placed close to the neutron source~the plasma!. It is then
retrieved and an estimate of the total neutron production
be made from an assay of the radioactivity induced in
sample by the fluence of neutrons incident upon it. This
usually done using gamma-ray detectors, but neutron de
tors have been used when the activation sample was a fi
material. Neutron activation has been the technique
demonstrated~on the JET1 and TFTR2,3 tokamaks! the high-
est accuracy neutron measurements in DT operation,
without the need forin situ source calibration. This pape
describes issues relevant to a conceptual design for a ne
activation system for ITER.

There are three primary goals for the neutron activat
system on ITER:

~1! Maintain a robust relative measure of fusion power w
stability and wide dynamic range.

~2! Allow an absolute calibration of fusion power produ
tion.

~3! Provide a flexible system for materials testing. Such m
terials testing can include accurate measurements
some weak reactions previously not accessible
present neutron sources at accelerators.

The neutron activation technique is intrinsically stab
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and linear with respect to fusion power level. Activation c
efficients ~the number of activated nuclei per target nuc
per source neutron! are of the order of 1.0310231. Therefore,
even for a source of 1.031021 neutrons, ‘‘saturation’’ of the
sample and effects of secondary reactions can be igno
However, it is important to ensure the linearity of th
gamma-ray detectors by avoiding problems of dead-time
pileup. This is done by appropriate selection of sample m
terial and mass and a suitable detection efficiency as
cussed in Sec. II A.

There are two problems in accurately determining
total neutron yield and fusion energy production from ne
tron activation. First, there is the problem of the ‘‘efficiency
of the neutron activation detectors, which can be separa
into two parts: the activation cross-sections, which a
‘‘physical’’ and unchanging and~for dosimetric reactions!
are well known with quantified uncertainties; and then t
efficiencies of the gamma-ray detectors which can be ac
rately determined and tend to remain stable since the de
tors are remote from the tokamak. The second problem
that of determining the neutron spectrum and fluence at
activation position for a given total yield. This problem h
succumbed to operating with samples in close proximity
the plasma and to careful neutronics modeling.4 Assuming
that materials can be placed very close to the ITER plas
with minimal scattering and attenuation, we should be a
to achieve similar 7%–10% accuracy on ITER in the neut
production measurement. How this is to be achieved is
cussed in Sec. II B.

The reliability and flexibility of the system are essent
if the system is to provide a useful materials test-bed. Th
are primarily engineering considerations but are nontriv
because of the unprecedented high radiation fluxes
unique access difficulties at ITER. These issues are
577/4/$10.00 © 1997 American Institute of Physics
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dressed in Sec. II C. Other design considerations are
cussed in Sec. III.

II. SYSTEM REQUIREMENTS

A. Response sensitivity and mass of foils

Given the higher fusion power level and assuming ir
diation locations near the surface of the blanket/shield m
ules, despite the larger size of ITER the expected activa
rate is about ten times greaterper secondthan on present-day
DT tokamaks. To reduce the level of activation, less m
can be used; however, there is a minimum practica
amount of sample mass~or sample mass density in a flui
system! that one can use before contamination becomes
issue.5 Removing the irradiated sample material from the e
capsulation for counting can mitigate contamination, b
with significant engineering issues to avoid personnel do
One cannot choose to use arbitrarily small cross-section
actions as they are not dosimetry standards and one lo
the absolute calibration. Furthermore, one gains only abo
factor of 100 in sensitivity before signals are overwhelm
by competing reactions. Thus very radioactive samples
be produced. If we use short half-life activities, then t
samples are very hot~must be counted far from detecto
which can be problematic!. If long half-life ~106–108 s! ac-
tivities are used the samples cannot be re-used and a m
waste problem is created. Samples which create prod
with half-lives of the orders of hours or days are appropria
An equilibrium is not reached between activation rate a
decay rate, as would happen if the irradiation period w
longer than the half-life, and long-term excess radioactiv
is avoided. For 1% efficient detection of the gamma-ra
from such reactions the masses required to provide appro
ate count rates appear reasonable.

The activation desired for a sample should be similar
that provided by a standard source used for absolute cal
tion of the gamma-ray detectors. A typical maximum val
for modestly safe handling would be 100mCi. Figure 1
shows the source strength of neutrons needed to cr

FIG. 1. Source strength required to create 100mCi of activity in a 100-s
exposure for a given mass of material. Irradiation location at top of mac
~foil radius 8.7 m, foil height 6.0 m, poloidal angle 85°!. Reactions are listed
from most sensitive to least. Dosimetric reactions have solid lines, reac
with uncertain cross-section have dashed lines.
578 Rev. Sci. Instrum., Vol. 68, No. 1, January 1997
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100 mCi samples assuming 100-s exposures for various
actions at a typical location on ITER. Operation at low ma
~to the left of the figure! is problematic because of contam
nation. Above 100 g, the self-absorption of the samples
the increased and varying sample-detector distance m
adding mass ineffective, and the calibration loses accur
The silicon reaction is too sensitive but would be useful
low power and during deuterium-only operation for the stu
of triton burn-up, for example. The nickel reaction is ve
long-lived ~70 days!, but iron, aluminum, and titanium foils
appear to allow for reasonable sensitivity without creat
sources which are too intense, especially if samples may
sent and retrieved during the discharge to limit the expos
duration. Other nondosimetric reactions of smaller cro
sections can also be used after cross-calibration.

B. Location of irradiation ends

The neutron activation technique must be able to prov
an accurate and precise measurement of the total neu
emission without the need forin situ source calibration. The
precision can be calculated, but the accuracy~the avoidance
of systematic errors! must be demonstrable. To this end th
location of the irradiation ends must be carefully selec
with regard to sensitivity to plasma position and neutr
emission profile using neutronics calculations.

On TFTR, with a circular plasma held in the midplane,
was relatively easy to maintain insensitivity to the profile a
position of the neutron emitting region. There was a;15%
decrease in signal from the single re-entrant irradiation
on the top of TFTR following an increase in plasma ma
radius of;0.6 m.4 Any toroidal variation of the neutron

e

ns

FIG. 2. Cross-section elevation of ITER. Shaded regions show sugge
locations of activation irradiation ends.
Plasma diagnostics
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fluence can be ignored. Multiple measurements at differe
poloidal locations are needed for ITER because of the asy
metric, elongated plasma. Figure 2 shows a cross-section
evation of ITER and the location of the blanket/shield mo
ules. As on JET, ITER will probably need three poloida
locations instrumented for neutron activation with a four
for redundancy. Another set of irradiation ends at a differe
toroidal location~for eight total irradiation ends! would also
be desired for redundancy against failure.

The sensitivity of locations at each module to moveme
of the neutron emitting region can be estimated analytical
The approximation that the neutrons are emitted from a t
oidal line source is a relatively good one.6While the absolute
value of the activation response depends on detailed sca
ing calculated from neutronics models, the relative trends
the response as the plasma source is moved follow the a
lytic formula of Zankl6 quite well.4 It is also found that the
trends are insensitive to the breadth of the neutron profi
Figure 3 shows the percentage relative change in the anal
response per meter of movement of a toroidal line source
a location at the center surface of each blanket/module, p
ted as the poloidal angle of the module. In general, one ne
to measure in the direction of movement to be sensitive.
two irradiation ends were at250° and 110°, thendResp/dR
is 110% for the first one and210% for the second, and
dResp/dz is about225% for the first and about125% for
the second. Simultaneous irradiation in these two ends wo
allow averages to be taken which would cancel out mov
ments of the plasma even when both occurred at the sa
time. These positions avoid proximity to the divertor and th
attendant problems for neutron transport calculations. Tw
more irradiation ends could be positioned at 0°~no sensitiv-
ity to dz! and 80°~no sensitivity todR!. These irradiation
ends could be used to checkdResp/dR anddResp/dz for the
other two irradiation ends. Quite possibly, ‘‘extreme’’ radiu
or height plasmas will be run to quantify neutron came
calibrations and scattering; these should be prepared

FIG. 3. Percentage change in activation response per meter as toroidal
source of neutron emission is moved. The diamonds are caused by varia
in the z direction, and the squares are for variation in theR direction. Zero
degrees is the outboard midplane.
Rev. Sci. Instrum., Vol. 68, No. 1, January 1997
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Four typical blanket/shield modules that would need to
instrumented to provide up/down and in/out measureme
for neutron activation are highlighted in Fig. 2.

To achieve the goal of high accuracy in the neutron
calculations requires that the irradiation positions be re
tively close to the plasma. The high accuracy achieved
both JET and TFTR was only obtained after the installat
of ‘‘re-entrant’’ irradiation ends. The thickness of materi
between the plasma and foil must be minimized so that
tivation is due mostly to the direct unscattered flux. To ea
modeling, the avoidance of variation of mass density clos
the irradiation position is more important than the avoidan
of intervening material. Thus, a position inside a shield mo
ule may be satisfactoryif a relatively uniform and well-
characterized amount of material surrounds the irradia
end. Figure 4 shows a typical cross-section through
blanket/shield module first wall with a 1-cm2 irradiation lo-
cation. Over 25 mm of beryllium, copper, and stainless st
must be viewed through by the irradiation location. Sensit
ity studies of the neutronics calculations will be needed wh
the designs of the blanket/shield modules are finalized.
experimental test of the reliability of the calculations can
made by using a variety of reactions with different thres
olds. One desires that reactions with low thresholds sho
give the same results as measurements using high thres
reactions which are less sensitive to the scattered flux.

C. Material testing and system requirements

In addition to providing a calibrated signal, the syste
should also be designed for material testing. A reaction
only 1 mbarn cross-section, a year half-life, and only 5
isotopic abundance in a 10-g sample will still give over
cps, assuming 1% detection efficiency after exposure t
1000-s full-power ITER discharge. Thus pneumatic capsu
capable of no more than 10-g samples~similar to that used
on TFTR and JET and requiring about 1 in. diam plumbin!
is desired. The 2-cm ID of the support structure cooli
pipes are consistent with this mass and sample size; a 1
ID system would also still be big enough.

The provision of a low background counting area is
quired. At least one detector of high efficiency and one
high energy resolution are desired for flexible purposes. T

ine
ion

FIG. 4. Typical cross-section of materials on ITER blanket-shield mod
first wall. The scale is set by the typical 22 mm between first-wall cool
pipes and the 1 cm31 cm irradiation location for activation.
579Plasma diagnostics
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other detectors can be simpler with lower resolution for ro
tine measurements. Those routine measurements would
;100mCi activity, so again low efficiency is allowed. Ther
must be plans to implement ‘‘renormalization’’ procedur
and routine absolute calibration of system components.

The JET ‘‘carousel’’ system for switching between irr
diation ends and counting stations seems the best typ
solution for flexibility of operation. By placing the carous
inside the tritium containment boundary, the complex pu
ing of pneumatic tubes and switching to remove activated
may be minimized or at least simplified. However, main
nance access to the carousel will almost certainly be
quired. The design of the pneumatic system should main
a modular approach to counting room and pneumatic lay
so it is easy to change and upgrade. A desirable requirem
would be to engineer very fast transfer times of samples t
least one counting station. This won’t be routinely need
but strongly increases the system usefulness for mate
testing and other special work. The TFTR system operate
about 10 m/s transport speed. If the counting room for
activation system is located 100 m from the tokamak,
might want an order of magnitude faster transport speed.
overall system emphasis is twofold: a robust routine ope
tion, and an otherwise flexible system to maximize scient
usefulness.

III. OTHER DESIGN CONSIDERATIONS

Activation does a time-integrated measurement, bu
will be desirable to move samples in and outduring the
ITER pulse. This will make measurements during only fra
tions of the shot duration, for time-dependence but prima
to avoid samples becoming too active. Moving magne
samples~like iron! might be problematic, but the masses w
be very low. Some degree of automatic computer control
monitoring of sample transfer and data-taking linked to
ITER pulse time base is needed with a documented a
trail of foil transfers. This will also require robust monito
of sample position near the machine. Some irradiation e
will require a constant flow of air to keep the samples
place. The duration the sample spends close to the pla
must be monitored during its transfer. However, the flue
drops rapidly with further distance from the plasma, and
the desired fast transfer speeds the resulting few milliseco
in transit will not affect the measurement.

The irradiation ends should be located just in the fi
wall ~see Fig. 4, for example!. If they were located back a
the shield surface there would be;122 mm of material be-
tween them and the plasma, which would cause too m
attenuation. Using one of the 23-mm OD, 20-mm ID supp
structure cooling pipes as a transfer tube for the activa
system may not be consistent with power handling nee
Also, the number and sharpness of bends in the cooling p
are not conducive to a pneumatic transfer system, wh
typically the radius of curvature of any bend must be ma
times the length of the capsule. A special pipe may
needed, with extra cooling around it.

As mentioned before, there may be a problem with c
sule contaminants and achieving low-mass samples5 with
small dose from manual handling. At the intense fluence
580 Rev. Sci. Instrum., Vol. 68, No. 1, January 1997
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ITER, capsule contaminants~for example, sodium that migh
interfere with the27Al ~n,a!24Na reaction! may provide a
lower bound on the mass of the foils used. But this low
bound mass may be too large to allow manual handling
the foils for a considerable time. Measuring and quantifyi
the contaminants in the capsules may be difficult giv
again, the intense fluences expected on ITER. The tran
system should thus be designed to allow entirely remote h
dling while maintaining flexibility in the order and timing o
the irradiations and counting. Careful consideration of saf
issues with both hardware and procedural controls will
necessary.

Flowing or liquid-activation systems7 have been consid
ered. In general, the coolants in the coils or blankets are
far from the plasma to allow the required level of accuracy
such a measurement. The technique of marrying neutron
tivation and fluid flow is generally used as a method to us
knownneutron source to measure fluid flow. A flowing sy
tem might be able to sample all around the plasma in a sin
channel and achieve some insensitivity to variations in n
tron emission location. In view of the difficulties in demon
strably achieving a high level of accuracy withoutin situ
calibration sources, which is the virtue of the solid activati
system, we do not consider that there is a need to provid
fluid-flow activation system. The monitoring of the activit
in existing cooling systems could be easily implemented a
would provide an interesting comparison to the other neut
diagnostics. A test fluid-flow system in a single module
perhaps a diagnostic preshield might be a useful techno
test.
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